The dynamic behaviour of a multi-shell 14-7-1 Au nanowire is investigated and compared with that of a 7-1 Au nanowire under various tensile strains. The molecular dynamics (MD) simulations performed in this study compute the frequency shift and change in intensity of the characteristic frequency peaks of the phonon density of states of the global and substructure atoms in the radial and axial directions. The results show that the frequency shift and intensity change of the characteristic frequency peaks in the strained 14-7-1 nanowire are caused by a change in the radial atomic coupling and a higher degree of structural anisotropy due to the applied strain.
Introduction
One-dimensional nanowires have attracted considerable interest in recent years due to their potential for nano-mechanical and nano-electronic device applications and their unique electrical [1, 2] , magnetic [3] and optical [4] properties. In early studies, the Takayanagi group [5] [6] [7] [8] fabricated ultra-thin gold nanowires along the [110] direction of a gold film using a scanning tunnelling microscope (STM). Subsequently, researchers have employed a variety of techniques to fabricate different metallic nanowires with well-defined structures and a range of nanoscale dimensions [9] [10] [11] [12] [13] [14] [15] [16] . At diameters of less than 2 nm, gold nanowires have a helical multi-shell (HMS) structure with n, n and n atoms in each row of the outer shell, middle shell and core strand, respectively. The shell-like structure of gold nanowires is very different from the bulk face-centred cubic (FCC) structure, and hence the mechanical properties and electrical transport characteristics of the two materials are also dif- 5 Author to whom any correspondence should be addressed.
ferent. The conductance of such nanowires is quantized in the unit G 0 = 2e 2 / h [8] . Generally, the characteristics of electronic transport in a solid are influenced by the thermal vibrations of the lattice or by changes in the lattice constant [17] . For example, at room temperature, the lattice vibrates energetically and the transport characteristics are dominated by collisions taking place between the electrons and the lattice, and hence the electrical conductivity of the structure is dominated by the electron-phonon interactions. However, at temperatures lower than 4 K, the lattice vibrations are almost frozen, and hence the electron-phonon interactions are reduced, resulting in a change in the electronic transport. The influence of electron-phonon interactions on the electronic transport properties of various nanostructures in ballistic transport has been studied using the Keldysh nonequilibrium Green's function method [18] . A recent study has shown that applying strain to a nanowire changes its electrical resistance since the strain alters the density of states (DOS) of the phonons [19] . This finding implies that the electronic conductivity of a nanowire is dominated by the phonon vibrations in its structure.
Various researchers have conducted molecular dynamics simulations to investigate the physical properties of nanowires [20] [21] [22] [23] . The current group examined the mechanical behaviour of HMS gold nanowires under tension [24, 25] . The strain effect induced by the amorphization of Ni nanowires has also been investigated [26] . The lattice vibration properties of finite Au [27] and Zi [28] nanowires have been studied using molecular dynamics-based genetic simulations. The phonon DOS of Au [29] , Ag [30] and Cu [29] [30] [31] bulk metals have also been calculated. The current group [32] and Kang and Hwang [33] showed that the phonon DOS of nanowires differ from those of the bulk material as a result of their HMS structures. The phonon vibrational modes of carbon nanotubes, lead alloys, and metallic and semiconducting nanoparticles have been studied experimentally using far-infrared and Raman scattering techniques [34] [35] [36] [37] [38] . The difference in the phonon DOS of nanocrystalline and bulk materials has also been examined using neutron scattering measurements [39] [40] [41] [42] .
In a practical example, a uniaxial strain can be induced in a single-wall carbon nanotube (SWNT) by using the tip of an atomic force microscope to drag the tube. Theoretical calculations have shown that the lattice vibrations and electronic energies of nanotubes are highly sensitive to the magnitude of the applied strain [34, 35] . Similarly, in the case of nanowires under strains, the peaks of the DOS have a non-smooth dispersion since the DOS are highly sensitive to the diameter and bonding lengths of the wire and also to the structural assembly. In this paper we conduct MD simulations to examine the phonon DOS of 14-7-1 gold nanowires under different strain conditions. Moreover, the results of 14-7-1 Au nanowires are also compared with that of 7-1 Au nanowires in our previous study [32] at room temperature.
Molecular dynamics simulations
In the present study, the dynamic behaviour of Au nanowires is investigated by MD simulations under the N V T ensemble (300k). Also, the many-body tight-binding potential [32, 43, 44] is employed to simulate the interatomic forces between the gold atoms in the nanowire. Figure 1 presents the simulation model of a 14-7-1 Au nanowire with a diameter of 1.2 nm. The number of atoms of the 14-7-1 nanowire comprises a total of 1295 atoms. To reflect the multi-shell structure of the 14-7-1 Au nanowire, the atoms are divided into three separate groups, i.e. the outer tube (referred to as the 'second shell'), the middle tube (the 'first shell') and the inner gold-atom row ('the core strand'). The top and bottom layers of the Au nanowire are specified as fixed layers, while the middle layer (sandwiched in between the top and bottom of the Au nanowire) is used as a thermal control layer. During the simulations, a tension with strain rate 0.0059% ps −1 is applied to the nanowire by applying a constant velocity to the two fixed layers in the axial direction. The Nose-Hoover thermostat is employed to maintain the system at room temperature throughout the elongation procedure [45, 46] and the trajectories of the atoms are calculated by the Verlet algorithm [46] . Moreover, an effective method [48] is also employed to obtain the stress-strain relationship. Prior to elongation, the 14-7-1 nanowire is relaxed for 5 ps to eliminate any internal stresses. The dynamic behaviours of the nanowires are investigated under three different conditions, i.e. zero strain, 0.018 and 0.030, respectively. Following each tensile test, the nanowires are relaxed to return them to an equilibrium condition. The total relaxation time is specified as 250 ps for the 14-7-1 nanowires. The loading of velocity data is applied to the Au nanowire for Fourier transform calculation at the final 50 ps of the relaxation time.
Phonon density of states
Phonons are an excitation energy produced by lattice collective quantum vibrations in a solid.
The density of states (DOS) of the phonons provide valuable insights into the microstructures and dynamic behaviours of solids. Based on the definition, the phonon DOS (i.e. the number of states per unit of energy) is related to the phonons' energy dispersion corresponding to the system's vibrational spectrum. The phonon DOS of a solid has been evaluated experimentally using far-infrared, Raman scattering and other spectroscopic measurement techniques [34] [35] [36] [37] [38] [39] [40] [41] [42] . According to the WienerKinchine theory [49] , the DOS can be derived as a function of the frequency by taking the Fourier transform of the velocityvelocity autocorrelation function (VACF) [47] . Figure 2 plots the stress-strain relationship for the 14-7-1 Au nanowire at 300 K. The figure also shows the straindependent variation in the bond lengths both in and between the different substructures of the nanowire. The relationship between the stress and the bond lengths in a strained 7-1 nanowire at room temperature was reported in a previous study by the current group [32] . The lower panel of figure 2 shows that the yield stress in the 14-7-1 nanowire occurs at a strain of approximately 0.0561. Additionally, in the upper panel of figure 2 , it is observed that the core-core, firstfirst shell and second-second shell bond length profiles all increase with increasing strain. Of these three profiles, the increase in the core-core bond length is particularly significant, which indicates that the core strand of the nanowire is more flexible than either the first or second shells. Conversely, the core-first shell and first-second shell bond length profiles both reduce with increasing strain. In other words, the cross-sectional radius of the 14-7-1 nanowire reduces as its length increases. Intuitively, the smaller cross-sectional radius reduces the separation distance between each layer of the nanowire substructure and therefore results in a stronger radial atomic coupling. The bond length tendencies of the core-core and core-shell sections in the 14-7-1 nanowire are similar to those observed in the 7-1 nanowire. Furthermore, the curves for core-first atoms and first-second atoms show the same reducing slope in figure 2. Figure 3 shows the global phonon DOS profiles of the unstrained 7-1 and 14-7-1 Au nanowires at a temperature of 300 K. The two vertical dashed lines indicate the low and high characteristic frequency peaks of bulk FCC Au at room temperature. As discussed by the current authors in [32] , the low frequency peak is associated with the acoustic vibrational mode of the bulk material, while the high frequency peak corresponds to the optical vibrational mode. Both solid lines in figure 3 represent that both low characteristic peaks of the two nanowires in the radial direction are shifted to the left of the low frequency peak in the bulk Au. However, the high characteristic frequency peaks in the two nanowires are very close to the high frequency peak in the bulk material. The redshift of the low characteristic frequencies in the two nanowires is caused by the volume effect, i.e. a reduction in the number of nearest-neighbouring atoms in the spiral shell structure compared to that in bulk Au. Since the 14-7-1 nanowire has a larger diameter than the 7-1 nanowire, the influence of the volume effect is less significant and hence the low characteristic peak frequency of the 14-7-1 nanowire is closer to that of the bulk Au than the low characteristic peak frequency of the 7-1 nanowire. Furthermore, the nearestneighbour atomic arrangement in the 14-7-1 nanowire has a smaller helical angle than that in the 7-1 nanowire, i.e. the structure of the 14-7-1 nanowire is more similar to that of the bulk Au than the structure of the 7-1 nanowire. Therefore, it is reasonable to assume that of the two Au nanowires, the low characteristic frequency peak of the 14-7-1 nanowire will be closer to that of the bulk Au. From inspection, the low characteristic peak frequencies are found to be 1.577 THz for the 7-1 nanowire, 1.625 THz for the 14-7-1 nanowire and 2.256 THz for bulk Au [32] , respectively. Figure 3 also shows that the intensity of the high frequency peak of the 14-7-1 Au nanowire in the radial direction is lower than that of the 7-1 Au nanowire. The reduced intensity arises because the Au atoms in the 14-7-1 nanowire experience a greater degree of motional constraint in the radial direction than those in the 7-1 Au nanowire. Conversely, the intensity of the low frequency peak of the 14-7-1 Au nanowire is higher than that of the 7-1 Au nanowire because the former nanowire is more structurally robust in the radial direction, and therefore coherent vibration is more easily formed. As shown in figure 3 , the trends of the global phonon DOS of the two Au nanowires in the axial direction are broadly similar to those in the radial direction, and hence they are not discussed in detail here.
Results and discussion
Since the 14-7-1 nanowire has a multi-shell structure, the local atomic arrangement has a significant effect on the dynamic behaviour of the atoms in each shell. Figure 4 shows the DOS profiles of the core strand, the first shell and the second shell in the radial and axial directions of the unstrained 14-7-1 nanowire. Figure 4 (a) indicates that the low frequency DOS peaks of the core and second shell in the radial direction are shifted to the left of the low frequency peak in the bulk Au. As discussed earlier, this redshift is a result of the global volume effect, which is known to have a particular impact on the acoustic vibrations of the atoms. It is observed that the core string DOS profile features only a low frequency peak. This implies that the optical vibrations of the atoms in the core strand are highly constrained in the radial direction by the surrounding shell atoms. Since the first shell of the nanowire is sandwiched between the core strand and the outer shell, its atomic arrangement in the radial direction is similar to that of bulk Au. Therefore, the low and high frequency peaks of the first shell are virtually coincident with those in the bulk. It is observed that the intensity of the atomic vibrations in the outer shell is independent of the frequency at higher frequencies. This result is reasonable since the outer shell has an open boundary and therefore many optical vibrations co-exist in this particular region of the nanowire. Regarding the phonon DOS profiles in the axial direction, figure 4(b) shows that the high frequency peak of the core strand has a significant redshift relative to that of the bulk. This frequency shift arises because the core strand of the 14-7-1 nanowire is highly anisotropic and the optical vibration of the atoms in the axial direction is constrained by the nearest-neighbouring shells. Furthermore, the low frequency vibrational peaks of the atoms in the core string are characterized by multiple redshifts, which suggests that the atoms in the nearest-neighbouring spiral shell (i.e. the middle shell) suppress the acoustic vibrations of the core string atoms. The high characteristic frequency peak of the middle shell (i.e. the first shell) is higher than that of the bulk. This blueshift arises because the middle shell has an additional motional degree of freedom due to the spiral rotation motion in the axial direction. The comparatively looser spiral structure enhances the optical vibration of the atoms. Conversely, the high frequency peak in the core strand is lower than that in the bulk because the outer shell enhances the coupling between the core strand and the middle shell, which causes the optical peak to be suppressed. In short, the stronger coupling suppresses the optical vibration; on the other hand the acoustic vibration is enhanced.
Although both the 7-1 and the 14-7-1 nanowires have a HMS structure, the 14-7-1 nanowire has a smaller helical angle and a larger diameter. Therefore, the phonon DOS of the 14-7-1 nanowire is closer to that of the bulk material than that of the 7-1 nanowire as shown in figure 3 . In addition, the quite different atomic arrangements of these two nanowires along the axial and radial directions gives rise to significant differences in the vibrational modes observed in the corresponding directions in the two nanowires. Accordingly, it is of benefit to investigate the dynamic behaviours of the 7-1 and 14-7-1 nanowires in the axial and radial directions separately.
The 14-7-1 nanowire can be thought of as an assembly comprising an inner 7-1 structure and an outer shell with fourteen strings. Figure 5 shows the vibration spectra of the 7-1 structure of the 14-7-1 Au nanowire and the pure 7-1 nanowire, respectively. The phonon DOS profiles presented in these figures enable the effect of the outer shell of the 14-7-1 Au nanowire to be clarified. Figures 5(a) and (b) show the phonon DOS of the global, core and shell regions of the 7-1 structures in the radial and axial directions, respectively. The upper panels of figures 5(a) and (b) show two prominent peaks in the phonon DOS profiles of the global regions of the two 7-1 structures. In the radial direction, it can be seen that the low characteristic peak of the 7-1 structure in the 14-7-1 Au nanowire is shifted to the right relative to that of Figure 5 . Phonon DOS profiles of 7-1 structure in 14-7-1 nanowire and pure 7-1 nanowire, respectively, at 300 K: (a) phonon DOS in radial direction and (b) phonon DOS in axial direction. Note that the upper, middle and lower panels correspond to DOS profiles of global atoms, core atoms and shell atoms, respectively. Note also that dashed vertical lines indicate the low and high characteristic frequency peaks in the global phonon DOS in Au bulk at 300 K.
the pure 7-1 structure, and has a value of 2.0 THz, which is very similar to that of the bulk Au. The good agreement between these two low characteristic peak frequencies reflects the fact that the nearest-neighbour atomic arrangements of the 7-1 structure in the 14-7-1 nanowire are similar to those in the bulk Au. However, in the axial direction, the low characteristic frequency peaks of the two 7-1 structures are similar to one another. As shown in the middle panels of figures 5(a) and (b), the DOS phonons in the core strand of the nanowires have significantly different distributions in the radial and axial directions. Specifically, it is observed that the DOS profile of the core atoms of the 7-1 structure in the 14-7-1 nanowire has only one main characteristic peak in the radial direction, whereas the DOS profile of the 7-1 nanowire has three characteristic peaks. In addition, in the axial direction, the DOS profile of the core atoms in the 7-1 structure of the 14-7-1 nanowire has two characteristic peaks, whereas the DOS corresponding to the 7-1 nanowire has multiple frequency peaks. The lower panels of figures 5(a) and (b) show that the DOS profiles of the atoms in the shell regions of the two structures are very similar to those of the global atoms. This result is reasonable since the number of shell atoms is seven times that of the number of core atoms in both nanowires. In general, the results presented in figure 5 confirm that the outer shell of the 14-7-1 nanowire exerts a significant influence on the dynamic behaviour of the nanowire.
In an earlier study [32] , the current group showed that the low frequency peak of a strained 7-1 Au nanowire occurs at a slightly lower frequency than that of the bulk Au in the radial direction, but occurs at almost the same frequency in the axial direction. To clarify the effect of strain on the dynamic behaviour of nanowires with different diameters, figures 6(a) and (b) show the phonon DOS profiles of the 14-7-1 Au nanowire in the radial and axial directions, respectively, at various strains. It is observed that the intensity of the low frequency peak of the 14-7-1 nanowire in the radial direction reduces as the tensile strain increases. The lower intensity can be attributed to the reduction in the nanowire cross section due to the effect of the axial tensile strain. This leads to a more anisotropic atomic vibration in the axial direction and restricts the degree of freedom for atomic motions in the radial direction. However, it is apparent that the low frequency peak in the radial direction remains stationary as the strain is increased. In other words, the magnitude of the applied strain is insufficiently large to cause a phonon band shift. Regarding the phonon DOS in the axial direction, figure 6(b) shows that the intensity of the high-frequency peak reduces considerably when an axial tensile strain is applied to the nanowire. However, the strain has less effect on the intensity of the low frequency peak. The reduced intensity of the high frequency peak is the result of the increased anisotropy of the strained 14-7-1 nanowire, which limits the vibrational motion of the atoms in the axial direction. Reviewing the results presented in figures 6(a) and (b), it can be inferred that the axial tensile strain directly affects the vibrational freedom of the atoms in the axial direction, and indirectly suppresses the vibrations of the atoms in the radial direction through the reduction in the cross-sectional area of the nanowire. The net effect of the applied strain is to reduce the intensities of the low frequency peak in the radial direction and the high frequency peak in the axial direction, respectively. Figures 7(a)-(c) show the DOS profiles in the radial and axial directions of the core strand, the first shell and the second shell of the 14-7-1 nanowire, respectively. In our previous study [32] , the DOS profile in the radial direction of the core strand in the unstrained 7-1 nanowire has three distinct peaks. However, the high frequency peaks of the DOS profiles in the radial direction of the core strand in the 14-7-1 nanowire are highly suppressed under all three strain conditions. As discussed previously in relation to figure 4, the suppression of the high frequency peaks reflects the constraining influence of the shell atoms on the optical vibrations of the core atoms in the radial direction. Since the 7-1 nanowire has a smaller volume than the 14-7-1 nanowire, the volume effect is more pronounced, and hence the core atoms in the 7-1 nanowire have a lower low frequency peak in the radial direction and a higher high frequency peak. The application of an axial tensile strain to the nanowires causes the low and high frequency peaks of both nanowires to undergo a slight blue shift in the radial direction because the coupling between the core atoms and the shell atoms becomes stronger with different Poisson's ratio as the nanowire radius shrinks, which increases the acoustic vibration frequency. Furthermore the difference in the Poisson's ratio values of the core strand and the middle and outer shells, respectively, leads to a significant lattice mismatch between the various atomic structures in the nanowire at higher strains. This mismatch relaxes the optical vibration restriction imposed on the core strand atoms by the neighbouring shells and therefore causes the intensities of the high frequency peaks of the two nanowires to increase with increasing strain. Conversely, the intensity of the low frequency peak of the 7-1 nanowire decreases as the strain increases since the space between the core string and the outer shell reduces when a strain is applied and hence the vibrational motion of the atoms is suppressed. In the lower panel of figure 7(a) , it can be seen that the high frequency peaks in the axial direction of both nanowires experience obvious redshifts as the strain is increased. This shift to a lower frequency is attributed to the reduced axial atomic coupling as the atomic space increases under the effect of the applied axial strain. However, there is little observable change in the location of the low frequency peaks under increasing strain. It can also be seen that the intensities of the high frequency peaks of both nanowires decrease with increasing strain, whereas those of the low frequency peaks increase. This result arises because the axial strain increases the coherence of the atomic motion in the axial direction, which effectively suppresses the optical vibrational mode and enhances the acoustic vibrational mode. Figure 7 (b) shows the DOS profiles of the atoms in the middle shell (i.e. the first shell) of the two nanowires. The upper panel shows that the low frequency peaks in the radial direction of the 14-7-1 nanowire remain relatively stationary as the strain is increased. However, in the 7-1 nanowire, the low frequency peaks experience a redshift when a strain is applied. Furthermore, it is apparent that applying a strain to the 14-7-1 nanowires increases the intensities of the high frequency peaks, but decreases the intensities of the low frequency peaks. The reduction in intensity of the low frequency peaks in 14-7-1 nanowires is the result of the coherent spiral motion in the first shell of the nanowire. The application of an axial strain to the nanowires reduces the radius of the spiral. Although this enhances the radial coupling between the atoms in these shells and those in the core strand, it also leads to a reduction in the vibrational amplitude, i.e. the intensity, in the radial direction. Regarding the intensity of the high frequency peaks, figure 2 shows that the core-core bond lengths increase more rapidly under increasing strain than the middle-middle shell bond lengths. Therefore, a bondlength mismatch is generated between the core strand and the first shell of the nanowire, which destroys the coherence of the atomic vibrations in the radial direction. The overall effect of the applied strain is therefore to enhance the optical vibration in the radial direction, and hence to increase the intensity of the high frequency peaks. The lower panel of figure 7(b) shows that the strain-dependent tendencies of the DOS peaks in the axial direction of the atoms in the first shell are precisely the reverse of those observed in the radial direction. In other words, the application of an axial tensile strain makes the nanowire more tensional along the axial direction, which enhances the coherent motion of the atoms in the axial direction and therefore causes the intensity of the low frequency peaks to increase. Conversely, the increase of axial strain makes the motion restriction enhancement along the axial direction, which suppress the optical vibration of the atoms in the axial direction and therefore reduces the intensity of the high frequency peaks. Figure 7 (c) presents the DOS profiles for the outer shell (i.e. the second shell) of the 14-7-1 nanowire at different strains. As shown in the upper panel, the low frequency peak in the radial direction experiences a redshift compared to that of the bulk Au as a result of the volume effect. Furthermore, the intensity of the low frequency peak reduces as the applied strain increases since the axial strain creates a tension in the shell along the axial direction which suppresses the amplitude of the radial vibration. Since the outer shell has a free boundary in the radial direction, the atoms have a high degree of vibrational freedom, and hence the high frequency peak is independent of the strain., In the axial direction, the applied strain enhances the coherence of the axial vibration, and hence increases the intensity of the low frequency peak. Conversely, the intensity of the high frequency peak reduces with increasing strain since the strain restricts the motion of the atoms in the axial direction and therefore suppresses the optical vibration.
Conclusion
This study has performed molecular dynamics simulations to compare the dynamic behaviour of a multi-shell 14-7-1 Au nanowire under various magnitudes of tensile strain with that of a 7-1 Au nanowire. In general, the results have shown that the additional outer shell of the 14-7-1 nanowire induces significant changes in the shifts and intensities of the low and high characteristic frequency peaks in the phonon DOS profiles.
Regarding the atomic vibration in the radial direction, the simulations have shown that, in the unstrained case, the global low characteristic frequency peaks of the 14-7-1 and 7-1 nanowires are redshifted relative to the low frequency peak in the bulk Au. However, the global high frequency characteristic peaks of the two nanowires are in good agreement with that observed in the bulk. The intensity of the global low frequency peak of the 14-7-1 Au nanowire is higher than that of the 7-1 Au nanowire. However, the intensity of the global high frequency characteristic peak is lower than that of the 7-1 Au nanowire. In the 14-7-1 nanowire, the low frequency peaks of the core strand and the outer shell are shifted to the left of the low frequency peak in the bulk Au. However, the low and high frequency peaks in the middle shell are consistent with those observed in the bulk material. When a strain is applied to the nanowire, the intensity of the global low frequency peak reduces as the magnitude of the tensile strain increases. However, the location of the low frequency peak is apparently insensitive to the magnitude of the applied strain. Furthermore, the strain causes a slight blueshift of the low frequency peak of the atoms in the core strand of the 14-7-1 nanowire and suppresses the intensity of the high frequency peak. Regarding the middle shell of the 14-7-1 nanowire, the locations of the low and high characteristic peaks are insensitive to the magnitude of the applied strain, but the intensity of the high frequency peak increases, while that of the low frequency peak decreases as the strain is increased. Finally, in the outer shell of the 14-7-1 nanowire, the low frequency peak is redshifted compared to that in the bulk Au and its intensity decreases as the magnitude of the applied strain increases.
Regarding the atomic vibrations in the axial direction, the results have shown that, in an unstrained condition, the global DOS is similar to that in the radial direction for both the 14-7-1 nanowire and the 7-1 nanowire. The high frequency peak of the core strand atoms in the 14-7-1 nanowire has a significant redshift, while the low frequency peak in the 7-1 nanowire exhibits multiple redshifts. Conversely, the high characteristic frequency peak of the middle shell in the 14-7-1 nanowire is blueshifted relative to that of the bulk. Furthermore, the application of an axial tensile strain causes a significant reduction in the intensity of the global high frequency peak in the 14-7-1 nanowire. However, the applied strain has less effect on the intensity of the global low frequency peak. The high frequency peak of the core string atoms in the 14-7-1 nanowire demonstrates a greater redshift as the magnitude of the strain increases. Furthermore, the intensity of the high frequency peak decreases, while that of the low frequency peak increases at higher values of the applied strain. In the middle shell of the 14-7-1 nanowire, the variation of the phonon DOS profiles with the applied strain is the exact reverse of that observed in the radial direction. Finally, in the outer shell, the intensity of the low frequency peak increases with increasing strain, while that of the high frequency peak decreases.
